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Abstract

Growing III-nitride nanowires on 2D materials is advantageous as it e�ectively de-

couples the underlying growth substrate from the properties of the nanowires. As a
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relatively new family of 2D materials, MXenes are promising candidates as III-nitride

nanowire nucleation layers capable of providing simultaneous transparency and con-

ductivity. In this work, we demonstrate the direct epitaxial growth of GaN nanowires

on Ti3C2 MXene �lms. The MXene �lms consist of nano�akes spray coated onto an

amorphous silica substrate. We observed an epitaxial relationship between the GaN

nanowires and the MXene nano�akes due to the compatibility between the triangu-

lar lattice of Ti3C2 MXene and the hexagonal structure of wurtzite GaN. The GaN

nanowires on MXene show good material quality and partial transparency at visible

wavelengths. Nanoscale electrical characterization using conductive atomic force mi-

croscopy (C-AFM) reveals a Schottky barrier height of ∼ 330 meV between the GaN

nanowire and the Ti3C2 MXene �lm. Our work highlights the potential of using MX-

ene as a transparent and conductive pre-orienting nucleation layer for high quality GaN

growth on amorphous substrates.

Keywords

nanowires, MXene, molecular beam epitaxy, GaN, amorphous substrate

III-nitride nanowires have attracted much attention because of their potential as the

main component in optoelectronic devices. Threading dislocation-free nanowires can be

grown with reduced strain on various substrates without the requirement of a global epitaxial

relationship.1,2 However, the fabrication of nanowire-based optoelectronic devices typically

requires an electrically conductive substrate, which limits the substrate selection.

A possible method of circumventing the substrate limitation is using a 2D material as the

nanowire nucleation layer. By utilizing a 2D material as a nucleation layer, the growth of

the nanowires is e�ectively decoupled from the properties of the underlying substrate. The

concept of growing III-nitride �lms and nanostructures on 2D materials including hexag-

onal boron nitride,3�5 graphene,6�9 and transition metal dichalcogenides (TMDs) such as

MoS2 10,11 has been demonstrated. The epitaxial relationship between III-nitride and the 2D
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material nucleation layer is generally assumed to be based on the van der Waals epitaxy

mechanism, allowing high-quality material growth despite the lattice mismatch between the

2D material and III-nitride layers.12 By taking advantage of this growth property, it is pos-

sible to reproduce the growth process on any substrate capable of withstanding the growth

process temperature.

Currently, graphene is arguably the most widely studied 2D material. However, the

production of gaphene thin �lms is restricted by cost and size limitations in the direct

chemical vapor deposition (CVD) synthesis process. Although another deposition method

using spray-coating, spin-coating, and dip-coating of reduced graphene oxide (GO) has been

developed,13,14 this method results in high sheet resistance (1− 1000kΩsq−1) due to the

high inter-�ake resistance and defects.15 Thus, the application of graphene for large-scale

applications is limited by these factors.

As a new class of 2D materials, MXenes are thought to be viable alternatives for graphene.16�20

MXenes have several advantageous properties, such as high metallic conductivity and partial

transparency.21 The potential for large scale transparent and conductive MXene �lms has

been demonstrated through the spray coating of delaminated Ti3C2 nano�akes, where the

transparency can be adjusted from 40% to 90%, while the sheet resistance ranges from 0.5 to

8 kΩsq−1.22,23 This makes MXenes attractive as a transparent conductive layer for large scale

applications. The triangular geometry of Ti3C2 MXene's basal plane (a=3.071 Å)24 match

well with that of GaN (3.189 Å), which helps promote the growth of high-quality GaN on

top of Ti3C2 MXene. The van der Waals epitaxial growth mode of materials such as BaTiO3

on top of MXene has also been demonstrated,25 which may support applications such as

the transfer of GaN nanowires on MXene onto foreign substrates.26 The work function of

heat-treated Ti3C2 MXene (4.28 eV)27 is comparable to the work function of Ti (4.33 eV),

which is a metal commonly used to form ohmic contact to n-GaN. Currently, no III-nitride

growth on MXene has been reported. Thus, the study of III-nitride nanowire growth on

MXene is an interesting topic, as it will introduce another possible 2D material family for

3



the growth and fabrication of III-nitride devices.

In this work, we demonstrate the epitaxial growth of III-nitride nanowires directly on

Ti3C2 MXene using plasma-assisted molecular beam epitaxy (PA-MBE). We observed an

epitaxial relationship between the MXene �lm and the in-plane orientation of the GaN

nanowires, which suggests that the triangular lattice of the Ti3C2 MXene plays a role in

adjusting the in-plane orientation of the GaN nanowires. Our analysis shows that MXenes

are promising as transparent and conductive nucleation layers for epitaxial growth of GaN

nanowires on amorphous substrates.

Results and Discussion

The structure of GaN nanowires grown directly on Ti3C2 MXene nano�akes is depicted in

Figure 1 (a). To evaluate the feasibility of using MXene �lm for high-temperature growth we

loaded a fused silica substrate coated with Ti3C2 MXene �lm into the MBE bu�er chamber

and annealed it. The annealing was performed at 750 ◦C under a base pressure of 1× 10−9

Torr, which is a typical growth temperature of GaN by MBE. After the annealing process

was complete, we performed a Raman spectroscopy on the MXene �lm. All Raman mea-

surements were performed under a non-polarized backscattering con�guration using a Horiba

Aramis system with a 473 nm laser as an excitation source. The e�ect of annealing is shown

in Figure 1 (b). From the Raman spectra, we see that MXene peak softening occurs. This

softening might be attributed to the relocation of oxygen surface functional groups into sites

that were previously occupied by the �uorine surface groups before ultra-high vacuum an-

nealing. The desorption of �uorine has been observed after annealing at this temperature.28

These changes in the Ti-O bond con�guration can alter the Raman active vibration modes,

resulting in peak softening.29

We further investigated the e�ect of Ti3C2 MXene �lm on the morphology and quality

of the GaN nanowires. We grew GaN nanowires directly on top of bare fused silica , on
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a partially covered MXene �lm, and on a fully covered MXene �lm as the nucleation layer

under nominally identical conditions. The root mean square (rms) roughness for the fused

silica, partially covered MXene �lm, and fully covered MXene �lm are 0.79 nm, 3.5 nm,

and 5 nm respectively. By interpolating the transmittance measurement data with known

thickness vs transmittance values,22 we determine the fully covered MXene �lm to be about

19.2 nm thick. The growth was performed at 800 ◦C, with a 2.5× 10−8Torr gallium beam

equivalent pressure, and radio frequency (RF) plasma at 350 W power and 1 sccm nitrogen

�ow rate. The Raman spectra are shown in Figure 1 (c), while the plan view scanning

electron microscopy (SEM) images are shown in Figure 1 (d)-(f).

We investigated the E2
high phonon mode associated with the wurtzite GaN structure30,31

by Raman spectroscopy to evaluate the quality of the GaN nanowires. GaN nanowires grown

directly on fused silica grow in a highly dense manner with a high degree of coalescence as

shown in Figure 1 (d). The nanowires grow with a random in-plane orientation, which is

typical for nanowire growth on amorphous silica surface.32,33 The relative intensity of the

E2
high phonon is weaker than the signal from the fused silica, due to the poor quality of the

GaN material.

Figure 1 (e) shows the plan view of GaN nanowires grown on a partially covered MXene

�lm. In general, the GaN nanowires coalesce into a compact layer, while in some areas, the

nanowires grow with a morphology similar to the morphology of nanowires grown directly

on fused silica. Atomic force microscopy (AFM) measurements on the surface (see inset)

shows that the fused silica is only partially covered with MXene in a nonuniform manner,

resulting in nanowires growing directly on the exposed fused silica. On the other hand, the

nanowires grow with high density on top of the MXene nano�akes, eventually coalescing

into a compact layer with hexagonal features on the surface. Figure 1 (f) shows the plan

view of GaN nanowires grown on a fully covered MXene �lm. A clear nanowire morphology

with hexagonal facets can be seen. The diameter and density of the nanowires grown on

MXene are non-uniform across the substrate surface. Our data show a decrease in nanowire
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density with an increasing number of MXene �akes (controlled by changing the number

of MXene spray coated layers), which is similar that observed for GaN nanowires grown on

multilayer graphene.34 As the number of MXene �akes is increased, the nucleation probability

of nanowires is decreased, which is caused by elasticity and strain partitioning between the

GaN nucleus and the underlying layered material. Thus, the thickness of the MXene �lm

can be used to control the morphology of the GaN nanowires grown on top. Although the

fully covered MXene �lm shows some thickness �uctuations, the �uctuations are considered

to be too small to create a signi�cant nanowire morphology variation.

Figure 1: (a) Depiction of the GaN nanowires (NWs) grown on MXene �lm. (b) Raman
spectra comparison among bare fused silica, an as-deposited MXene �lm, and a MXene �lm
after annealing inside the MBE bu�er chamber. (c) Raman spectra comparison among GaN
NWs grown on top of bare fused silica, partially covered MXene �lm, and fully covered
MXene �lm. Plan-view SEM image of nanowires grown on (d) bare fused silica; (e) partially
covered MXene �lm; and (f) fully covered MXene �lm. The inset shows the AFM micrograph
of the corresponding substrate surface, with a scale bar corresponding to 1 µm.

Elevated and cross-section view of the GaN nanowires grown on the fully covered MXene

�lm are shown in Figure 2 (a) and (b), respectively. The nanowires grow perpendicular to the
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substrate, with some tilting caused by the uneven surface of the MXene �lm. The alignment

of the nanowires and the interplanar spacing between the MXene monolayers were evaluated

using polycrystalline X-ray di�raction (XRD) as shown in Figure 2 (c). The θ/2θ scan of

the GaN nanowire sample shows a dominant GaN(0002) peak and additional GaN(0004)

peak, which indicates growth in the c-plane direction typical of spontaneously grown GaN

nanowires. The inset shows the Ti3C2 (0002) peak, which can be ascribed to the interlayer

spacing of the MXene nano�akes. After nanowire growth occurs, the c lattice parameter

of the MXene �lm decreases as shown by the shift in the Ti3C2 (0002) peak. This might

be caused by the removal of the intercalated water molecules between the MXene layers

during high-temperature annealing in the ultra high vacuum environment. The verticality

of the GaN nanowire ensemble is evaluated using the XRD rocking curve of the GaN(0002)

peak, shown in Figure 2 (d). The (0002) peak has full width at half maximum (FWHM) of

5925 arcsec (1.646°), which is comparable to the FWHM value for GaN nanowires grown on

multilayer graphene.34 The broad FWHM value comes from the misorientation of the GaN

nanowire's verticality due to the thickness variation of the MXene �lm and variations among

the nanowire heights.

From the plan view SEM in Figure 3 (a), we observe that nanowires grown close together

in a small area exhibit similar in-plane orientations. A lower magni�cation SEM in Figure 3

(b) shows multiple in-plane orientations, as indicated by the false-color map on the SEM

image. This is caused by the epitaxial relationship between the nanowires and the underlying

MXene nano�akes. GaN nanowires that grow on the same MXene nano�ake show identical

in-plane orientation, which indicates an epitaxial relationship between the �rst atomic plane

of the GaN nanowires and the Ti3C2 MXene.

We performed an XRD measurement on a 1× 1 cm2 sample to obtain the pole �gure of

the GaN {10-14} re�ection. While GaN nanowires grown on Si(111) typically exhibit six-

fold symmetry,35 Figure 3 (c) shows that the GaN nanowires grown on MXene nano�akes do

not exhibit this behavior. Instead, an almost random pattern with some preferred in-plane
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Figure 2: (a) Elevated and (b) cross-section SEM micrograph of the GaN nanowires grown
on fully covered MXene �lm. (c) The θ/2θ XRD curves of the fused silica, as-deposited
MXene, and GaN nanowires on MXene. The inset shows a higher resolution graph around
the Ti3C2 (0002) peak. (b) XRD Rocking curve of the GaN (0002) peak.
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orientation can be seen. The lack of symmetry is attributed to the random in-plane orien-

tation distribution of MXene nano�akes, which were spray coated on top of the amorphous

substrate.

Figure 3: E�ect of MXene nano�akes on the in-plane orientation of GaN nanowires. (a)
Plan-view of GaN nanowires grown on MXene. The nanowires within the small area exhibit
identical in-plane orientation. The scale bar corresponds to 200 nm. (b) Lower magni�cation
plan-view SEM showing distinct in-plane orientations of the nanowires, as indicated by the
false color map. (c) XRD pole �gure plot taken from the {10-14} re�ection of GaN, showing
an almost random in-plane orientation distribution.

The structural properties of GaN nanowires and the interface between the GaN and

MXene �lm were studied using transmission electron microscopy (TEM). Figure 4 (a) shows

a low-magni�cation TEM of the GaN nanowires. A selective area di�raction pattern image

was taken of the GaN nanowires, showing single crystallinity. A higher-magni�cation TEM

image showing a single GaN nanowire grown directly on top of the MXene �lm is shown in

Figure 4 (b). The MXene �lm consists of individual MXene nano�akes layered on top of each

other in a random manner, resulting in a non-uniform �lm thickness across the substrate.

This can be seen by the presence of a step at the base of the nanowire.

The horizontal lines indicated in Figure 4 (b) correspond to an area with a high density

of Type I1 basal stacking faults (BSFs). This stacking fault is typically modeled as the

insertion of a thin zincblende phase within the wurtzite GaN nanowire matrix. BSFs have

been observed in MBE-grown III-ntiride nanowires grown on Si36 and Ti foil,37 and are

believed to be caused by growth condition instability instead of strain.38 By optimizing the
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growth condition, it is possible to prevent the formation of BSFs.

A high-resolution high-angle annular dark �eld (HAADF) image of the interface between

the nanowires and MXene is shown in Figure 4 (c). The GaN nanowires grow in the <0001>

c-plane direction perpendicular to the substrate and MXene �lm. The GaN nanowire grows

directly on the MXene �lm without the formation of a polycrystalline wetting layer which

has been observed for GaN nanowires grown on nitridized silicon substrate and fused silica

substrate.32,39 Figure 4 (d) shows an HAADF image of the GaN-MXene �lm-fused silica

interface with the energy-dispersive X-ray (EDX) elemental mapping result superimposed.

We captured the EDX signal from Ga, Ti, and Si, which corresponds to the GaN nanowires,

MXene �lm, and fused silica layers, respectively. A clear interface can be seen among the

Ga, Ti, and Si signals.

Based on the known lattice constant of both wurtzite GaN and Ti3C2 MXene, we simu-

lated the possible heteroepitaxial relationship between the wurtzite GaN nanowires and the

underlying MXene �lm. As shown in Figure 4 (e,f), the distance between the nearest GaN

primitive unit cell along the <11-20> direction is 3.189Å, while the distance between Ti

atoms along the <11-20> direction is 3.071Å. This con�guration gives a lattice mismatch

of ∼3.7%, allowing for coherent strain between the GaN nanowires and the Ti3C2 MXene

�lm.

Based on the structural characterization that we have performed, Ti3C2 MXene is suit-

able for the growth of GaN nanowires due to the compatibility between the triangular atomic

geometry of MXene and the wurtzite structure of GaN. Due to the surface functional group

on the surface of the Ti3C2 MXene nano�akes, the MXene �lm has a negative polarity. This

negative polarity may serve a similar function as the N-polar surface of AlN nucleation lay-

ers for promoting the initial nucleation for nanowire growth.40The surface functional groups

consist of oxygen, hydroxyl, and halogen groups; the latter subject to desorption during

annealing in ultrahigh vacuum environment. The remaining oxygen and hydroxyl groups

can rearrange their site, creating local �uctuation of surface chemistry that can act as nucle-
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Figure 4: (a) Low magni�cation TEM images of GaN nanowires grown on Ti3C2 MXene.
The inset shows the selective area di�raction pattern taken at the GaN nanowires. (b) A
high-resolution TEM image GaN nanowire, showing the direct growth of the GaN nanowires
on top of the MXene �lm. The presence of BSFs is indicated by the yellow box. (c) High-
resolution HAADF image taken at the interface between the MXene �lm and GaN base,
showing GaN growth in the <0001> direction. (d) A composite HAADF and EDX elemental
mapping image showing the composition of Ga, Ti, and Si. (e,f) Schematic images of the
atomic con�guration representing the heteroepitaxial relationship between the �rst atomic
plane of wurtzite GaN and Ti3C2 Mxene.
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ation sites. Thus, Ti3C2 may be more advantageous than graphene in promoting nanowire

nucleation. However, considering how GaN nanowires can be grown on both polar (N-polar

AlN) and non-polar (graphene)34 nucleation layer using PA-MBE, the surface polarity might

not be the major factor in determining the nucleation of GaN nanowires. Nonetheless, the

possible e�ect of the polarity of MXene and surface functional groups on the nucleation and

growth kinetics of GaN nanowires cannot be ruled out.

Transparent devices can be bene�cial for applications requiring simultaneous transparency

and conductivity, such as photovoltaic solar cells and photoelectrochemical water splitting.

The transmittance value for the MXene �lm and GaN nanowires grown on MXene was eval-

uated using UV-Vis spectrophotometry, as shown in Figure 5 (a), with corresponding optical

photographs of the samples shown in (b) and (c). For the MXene �lm, the transmittance

value is above 40% for the entire visible wavelength region. After the growth of the GaN

nanowires occured, the transmittance value was reduced. One of the possible causes is light

scattering from the ensemble nanowire structure.41 Hantanasirisakul et al. also observed the

relationship between light transmittance through the Ti3C2 MXene �lm and the c-lattice

spacing between the MXene nano�akes, where a larger lattice spacing generally leads to a

higher transmittance. Therefore, the reduced MXene c-plane spacing after GaN nanowire

growth might also contribute to the reduced transmittance value.22 This also highlights the

possibility of tuning the transmittance value of the device after growth by introducing an

intercalant between the MXene nano�akes.

To evaluate the optical properties along with the material quality of the GaN nanowires

grown on MXene, we performed photoluminescence (PL) measurements at room tempera-

ture (RT) and low temperature (4 K) and 244 nm laser excitation.42 The PL results are

summarized in Figure 5 (d) and (e). The RT PL emission peak is broad with an FWHM of

∼40 meV,with multiple peaks visible at low temperature (4 K). Peak deconvolution using

the Gaussian peak �tting routine reveals 4 major peaks (FWHM) centered at 3.46 eV (7.34

meV), 3.47eV (10.44 meV), 3.49 eV (19.42 meV), and 3.51 (8.11 mev) respectively. Slightly
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Figure 5: (a) UV-Vis transmittance measurement for the fused silica, MXene �lm, and GaN
nanowires on MXene. (b,c) corresponding optical photograph of the samples. (d) RT and 4
K PL spectra of the nanowires on MXene sample. (e) Peak deconvolution of the PL spectra
at 4 K using a Gaussian peak �tting routine.
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altered peak positions and FWHM values can be caused by scattered binding energy values

of the excitons resulting from the di�erent growth conditions, the crystallinity of the sub-

strates, residual strain in the heteroepitaxial GaN layers, residual unintentional dopants in

the growth chambers, and the excitation power density used.32,34,43�46 Low-temperature PL

is expected to be dominated by neutral donor-bound exciton transitions (D0X), which we

observe at 3.47 eV whereas the peak at the lower energy side of D0X centered at 3.46 eV with

an FWHM of 7.34 meV is attributed to the acceptor-bound excitons(A0X).46 Even though

the GaN nanowires are n-doped, the existence of acceptor-bound excitons can be attributed

to the residual impurities in the MBE chamber.34,45,46 The two peaks on the higher energy

side of D0X are recognized as free exciton related emission, namely FXA and FXB. The

FWHM of the dominant PL peak, D0X, in our case is 10.44 meV, which is narrower than

that observed for GaN nanowires grown on graphene,34 con�rming high crystal quality.

Typically, the fabrication of nanowire-based devices on insulating substrates such as sil-

ica requires additional processing steps such as the use of �ip-chip con�guration.47 By using

MXene as the nucleation layer for the nanowires, lateral conduction across the insulating

substrate is supported. For electrical characterization, the nanowires are probed using con-

ductive AFM (C-AFM). The top of the n-doped nanowires is contacted using a PtIr coated

conductive AFM tip without prior. Apart from the standard solvent cleaning procedure,

no chemical treatments were performed on the GaN nanowires. In this con�guration, the

C-AFM tip is grounded, while a bias is applied to the MXene �lm. The MXene �lm is

electrically contacted to the AFM stage by attaching a copper wire to the area where GaN

nanowires do not grow. A simpli�ed schematic of the C-AFM setup is shown in Figure 6

(a). In this setup, a negative current value indicates current �owing from the C-AFM tip to

the substrate. We performed a voltage sweep from -6 to 6 V, and the tip current was limited

from -10 to 10 nA. Therefore, structural damage due to junction heating in the nanowire is

unlikely.8

The PtIr C-AFM tip, the n-GaN nanowire, and the MXene �lm arrangement create a
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metal-semiconductor-metal (MSM) con�guration. In the case of heavily doped n-type GaN

nanowires, thermionic �eld emission is the dominant mechanism for carrier transport through

the Schottky barrier.48

Figure 6 (b) shows the I-V curve obtained from random sampling of multiple nanowires.

In general, the turn-on voltage under reverse bias (RB) is lower than the turn-on voltage

under forward bias (FB). This can be explained by the di�erence in the Schottky barrier

height at each end of the nanowire, as depicted in Figure 6 (c). To extract the Schottky

barrier height at both ends of the nanowires, we performed an MSM �tting routine using

the PKUMSM MATLAB script. In the model, the C-AFM measurement con�guration is

considered to be two Schottky barriers connected back to back, with the nanowire as a

resistor in series with the Schottky barriers.49 To simplify the �tting process, we used an

average nanowire diameter of 60 nm and a height of 150 nm.The e�ect of applied voltage on

the Schottky barrier height is taken into account; thus the �tting routine gives an e�ective

Schottky barrier height. The �tting result is shown in Figure 6 (c). From the �tting param-

eters, the Schottky barrier height between n-GaN and MXene is approximately 330 meV,

while the barrier height between n-GaN and the PtIr tip is approximately 840 meV.

The large Schottky barrier height between the C-AFM tip and n-GaN is expected, as

the work function of the PtIr C-AFM tip (∼ 5.1 eV) is signi�cantly larger than the electron

a�nity χ of GaN (4.1 eV).50,51 However, the observed value of the Schottky barrier is lower

than φPtIr − χGaN (∼ 1 eV). This di�erence is caused by the e�ect of the nanometer-sized

contact between the GaN nanowire and the PtIr tip. As the tip of the C-AFM probe (25

nm) is smaller than the average diameter of the nanowires (60 nm), the Schottky metal

contact can become unstable, depending on the applied tip force. Furthermore, Jamond et

al. demonstrated that the Schottky contact area formed between the C-AFM tip and the

nanowire is approximately a few nanometers in size. As the contact area is much smaller than

the depletion width in GaN nanowires, the conventional Schottky diode description cannot

be used.50 Furthermore, the GaN nanowires did not undergo chemical treatment before the
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C-AFM measurement, which may result in a modi�ed surface potential due to the presence

of native a surface oxide layer.

On the other hand, the interface between the GaN nanowire and Ti3C2 MXene shows a

Schottky contact behavior despite Ti3C2 Mxene and Ti having a similar work function. Dur-

ing the nanowire growth process inside the MBE chamber, we cannot rule out the possibility

of carbon or titanium interdi�usion into the GaN nanowire, which may form an interfacial

layer or result in unintentional doping at the base of the nanowires. This formation of the

interfacial layer may explain the Schottky contact at the interface of the GaN nanowires and

the MXene. Exposure to nitrogen plasma has also been shown to induce doping e�ects in

MoS2,52 which may alter the work function of the MXene �lm. The Schottky barrier behavior

may help in fabricating Schottky-based devices such as piezotronic energy harvesting devices.

By adjusting the doping concentration of the n-GaN nanowire, it is also possible to promote

electron tunneling through the Schottky barrier for optoelectronic device applications.

Figure 6: (a) Schematic for the C-AFM measurement setup. (b) Simpli�ed band diagram
schematic of the metal-semiconductor-metal interface formed by the C-AFM tip, n-GaN
nanowire, and MXene �lm under equilibrium. (c) I-V curves obtained from multiple indi-
vidual nanowires. (d) I-V Curve �tting using PKUMSM routine.
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Conclusions

We have shown that Ti3C2 MXene is suitable as a nucleation layer for GaN nanowire growth

on amorphous substrates due to the low lattice mismatch between MXene and GaN nanowires

(∼3.7%). The MXene nano�akes can be deposited on a large surface area through the spray

coating method, making it attractive for large scale applications. By adjusting the thick-

ness of the MXene �lm and the growth conditions of the GaN nanowires, a high-quality

nanowire structure can be grown directly on MXene �lms without the need for bu�er layers.

The epitaxial relationship between Ti3C2 MXene and GaN resulted in an ordered in-plane

orientation of the GaN nanowires regardless of the orientation of the underlying substrate.

Nanoscale electrical measurements using C-AFM show a Schottky barrier of approximately

330 meV between the GaN nanowire and Ti3C2 MXene �lm. The transparency, electrical

conductivity, and scalability of the GaN nanowire/MXene platform make it attractive for

applications such as transparent electronics, solar cells, energy harvesting, and photoelectro-

chemical water splitting.

Methods

Ti3C2 MXene synthesis: Ti3AlC2 (layered ternary carbide MAX phase) powder was pur-

chased from Carbon-Ukraine Ltd. (particle size < 40µm). One gram of Ti3AlC2 MAX

phase powder was slowly immersed into a mixture solution of 20 ml 9 M HCl and 1 g of

LiF under magnet stirring that was cooled by an ice bath to minimize localized heat from

the initial exothermic reaction. The mixture solution was kept at 35 ◦C with magnet stirring

in an oil bath for 24 hours. The mixture was transferred to a centrifuge tube and washed

several times with additional deionized (DI) water to make a total volume of 50 ml. Each

wash was performed by centrifugation at 3000 relative centrifugal force (RCF) for 5 min.

The supernatant was decanted, and the sediment was redispersed into DI water by manual

shaking. Once the pH of the supernatant reached approximately 6, the �nal centrifugation
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step was performed at 500 RCF for 30 min after redispersing the sediment in DI water. The

supernatant solution containing delaminated 2D MXene nano�akes was collected and was

used for spray coating.

Spray coating of MXene: Double side polish 2" fused silica (Semiconductor Wafer, Inc.)

was diced into 1×1 cm2 size followed by ultrasonic cleaning by acetone, isopropanol, and

dried by nitrogen �ow. The fused silica substrate is then treated by UV/ozone treatment

for 10 minutes to enhance the surface hydrophilicity. Aqueous Ti3C2 MXene suspension

with their concentration of ∼ 1.0− 1.5 mg/ml was sprayed by airbrush (HB-B plus, Iwata,

Japan) with a �uid nozzle of 0.2 mm, assisted by pressurized nitrogen gas at ∼ 3.5− 4.0 bar

(∼ 50 − 60 psi). The spray gun was positioned at ∼ 15 − 20 cm away from the substrates.

The spray coating was performed in a layer-by-layer manner under mild-warm air�ow to

accelerate drying until the desired thickness is reached.

III-Nitride nanowire growth: MXene-coated fused silica was cleaned using acetone and

isopropyl alcohol, followed by blow drying under nitrogen. No water was used during the

cleaning procedure to prevent MXene �lm delamination. A Veeco Gen 930 MBE chamber

with thermal e�usion cells and RF plasma source was used. Thermal cleaning was performed

inside the MBE preparation chamber at 650 ◦C under a background pressure of 1×10−9 Torr.

GaN nanowire growth is performed inside the MBE growth chamber under nitrogen-rich

conditions. The nucleation and growth of n-GaN was performed using a single growth step

at 800 ◦C. Throughout the growth process, the nitrogen plasma condition was maintained

at 1 sccm �ow rate with 350 watt RF power.

Photoluminescence measurement: PL measurements were carried out using a 244 nm

continuous wave laser, and the emission signal was detected by an Andor Shamrock 303i

spectrograph attached to an Andor Newton CCD detector assisted with 299 lines/mm grating

blazed at 300 nm, where the laser spot size was focused to ∼100µm. The acquisition time

used was 1 second for a 10 measurement integration. A closed cycle refrigerator ARS cryostat

was employed for cryogenic measurements. PL spectra comparison between RT and 4 K was
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performed with a PL excitation power density of 22.29 W cm−2, and 4 K spectra acquisition

for deconvolution was performed under a PL excitation power density of 3.18 W cm−2.

Raman spectroscopy: Raman spectroscopy was performed in an unpolarized backscat-

tering con�guration using a Horiba Aramis system with a 473 nm laser excitation.
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3D illustration and cross-section TEM image of GaN

nanowire growing on MXene nano�akes.
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